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INTRODUCTION 

It has become ev iden t  t h a t  f o r  low rank coa l s  (gene ra l ly  of subbituminous C and 
lower) t he  inorganic  c o n s t i t u e n t s  p lay  major r o l e s  i n  t h e i r  u t i l i z a t i o n .  
coa l s  a r e  p a r t l y  cha rac t e r i zed  by the presence of s i g n i f i c a n t  q u a n t i t i e s  of carboxyl 
and phenolic groups which a r e ,  t o  varying degrees,  a s soc ia t ed  wi th  a l k a l i  and 
a lka l ine-ear th  metal c a t i o n s  ( 1 . 2 . 3 , 4 ) .  A s  an example, i n  an e a r l i e r  study (2 )  we 
reported t h a t  these  exchangeable metal  c a t i o n s  can account f o r  approximately 3 w t X  
(dmmf) of a Montana L ign i t e .  
coa l s  is calcium. However, apprec iab le  concen t r a t ions  of sodium and magnesium a r e  
found (2 ,3 ) .  
assoc ia ted  wi th  meta l  c a t i o n s  (2,3). 

These 

The dominant exchangeable metal  ca t ion  i n  US low rank 

Genera l ly ,  approximately between 30 t o  60% of the  carboxyl groups a r e  

It is important t o  d i f f e r e n t i a t e  between these  exchangeable inorganic  spec ie s  
and the minera logica l  components when cons ider ing  the  behavior of  low rank coa l s  
under process ing  condi t ions .  
t h e i r  d i spe r s ion  throughout t h e  coa l  matrix. In  the  case  of the exchangeable 
ca t ions ,  they a r e  d i spe r sed  on an  atomic b a s i s ;  t h a t  is, each metal  c a t i o n  is 
assoc ia ted  wi th  one or two carboxyl ic  ac id  groups. There have been many e l ec t ron  
microprobe s t u d i e s  ( 5 ) .  f o r  example, which have shown t h a t  t he  inorganic  elements 
under inves t iga t ion  are extremely uniformly d i s t r i b u t e d  through a l i g n i t e .  
essence,  i n  t h a t  type of s tudy ,  it is impossible t o  reso lve  p r e c i s e l y  the  
d i s t r i b u t i o n  because t h e  c a t i o n s  a re  of an atomic s i z e .  much lower than the 
r e so lu t ion  of t he  instrument.  When cons ider ing  the  minera logica l  spec ie s ,  i t  is 
wel l  e s t ab l i shed  t h a t  t h e  g r e a t  major i ty  of t he  minera ls  e x i s t  i n  s i z e  ranges 
g r e a t e r  than 1 pm. 
the  cations.  This s i z e  d i f f e r e n t i a t i o n  has ,  of course ,  r ami f i ca t ions  on the 
chemical behavior of t h e  spec ie s  as w e l l  a s  phys i ca l  cons idera t ions .  
extremely l i k e l y  t h a t  t h e  exchangeable metal  ca t ions  a r e  of much d i f f e r e n t  chemical 
r e a c t i v i t y  than  a l i k e  atom i n  t h e  l a t t i c e  of some minera logica l  species.  F ina l ly ,  
i t  must be r ea l i zed  t h a t  on py ro lys i s  (which accompanies combustion, g a s i f i c a t i o n  
and l i que fac t ion  p rocesses )  t h a t  the carboxyl ic  ac id  s a l t s  w i l l  decompose t o  
l i b e r a t e  a metal  c a t i o n  as some chemically r eac t ive  e n t i t y .  
of s in t e r ing .  or agglomeration, t h e  c a t i o n  der ived  spec ie s  w i l l  be f i n e l y  d ispersed ,  
i.e., s t i l l  much smal le r  than the  vas t  major i ty  of minera logica l  pa r t i c l e s .  

T h e  most s i g n i f i c a n t  d i f f e r e n t i a t i o n  is, of course,  

I n  

Thus. they  sre seve ra l  o rde r s  of magnitude g r e a t e r  i n  s i z e  than 

It is 

Even a f t e r  some degree 

It is t h e  goa l  of t h i s  p re sen ta t ion  t o  review s e v e r a l  recent  s tud ie s  which have 
shown the importance of understanding the na ture  of t he  exchangeable ca t ions  i n  the 
u t i l i z a t i o n  of low rank coa ls .  

DIRECT LIQUEFACTION 

It is wel l  known t h a t  dur ing  d i r e c t  l i q u e f a c t i o n  the re  is always some amount of 
mater ia l  which appears as inso lub le ,  r e s i d u a l  s o l i d s  (6 ,7 ) .  
composed of a wide range of carbonaceous and inorganic  ma te r i a l s .  However, i n  t h i s  
case we a r e  only i n t e r e s t e d  i n  those genera ted  dur ing  the  l i q u e f a c t i o n  of low rank 
coals.  The most impor tan t  f e a t u r e  of r eac to r  depos i t s  obtained from these  coa l s  is 
the  formation of calcium carbonate  as c a l c i t e  and/or metas tab le  v a t e r i t e  (6 ,7 ,8 ,9) .  
Detailed o p t i c a l  and SEM s t u d i e s  on these  s o l i d s  i n d i c a t e s  t h a t  carbonate is 
prec ip i t a t ed  and is n o t  r e l a t e d  t o  c a l c i t e  g r a i n s  which may occur i n  t he  feed low 

These s o l i d s  a r e  
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rank coa l  (6 ,7) .  
these  coa ls .  A s emi -quan t i t a t ive  r e l a t i o n s h i p  can be found between the  amount of 
depos i ted  s o l i d s  and t h e  ion-exchangeable calcium content  of the  feed coa l  (6). 
Liquefac t ion  experiments made on an  ac id  washed coa l  r e su l t ed  i n  no production of 
calcium carbonate. A s e r i e s  of experiments were made on a Wyodak subbituminous coa l  
which was f i r s t  demineralized and then back exchanged wi th  calcium a c e t a t e  so lu t ion .  
The calcium loaded ( 5  wt%) ,  d r i ed  coa l  was then  reac ted  a t  400°C i n  t e t r a l i n  
(N CO and H S atmospheres) f o r  per iods  varying from 10 t o  60 min. 
Thg 'qua i t i ty  o? calcium carbonate was determined q u a n t i t a t i v e l y  by measuring the  
volume of CO evolved on t r e a t i n g  the  r eac t ion  products  wi th  1N HC1. The 
r e s u l t s  of t i i s  s e r i e s  of experiments a r e  shown i n  F igure  1. 
as a f i r s t -o rde r  p lo t  i n  terms of the  conversion of carboxyla tes  t o  the  t h e o r e t i c a l  
amount of  CaC03 t h a t  could be produced. 
f i r s t  o rder  p lo t  r a t h e r  well. 
calcium s con e r t e d  t o  carbonate a f t e r  about 23 mins. The ca l cu la t ed  r a t e  cons tan t  
is 5x10-' sec-'. I n  a l l  ca ses ,  the  c rys t a l log raph ic  form of calcium 
carbonate produced was found t o  be a mixture of c a l c i t e  and v a t e r i t e .  From the  d a t a  
p lo t t ed  i n  Figure 1 ,  i t  can be seen t h a t  the  r a t e  of conversion of calcium c a t i o n s  
t o  carbonate ,  under these  condi t ions ,  is not a f f e c t e d  by the  presence of t h e  th ree  
gaseous atmospheres u t i l i z e d  (H20, N2 and COz)- 

The source  of t he  calcium is t h e  exchangeable calcium present  i n  

The da ta  a r e  expressed 

It is obvious t h a t  these  d a t a  f i t  t he  
Under these  cond i t ions  50% of the exchangeable 

COAL PYROLYSIS 

I n  any inves t iga t ion  dea l ing  with the  r o l e  of exchangeable metal c a t i o n s  i n  
coa l  py ro lys i s  one has  t o  be concerned wi th  s e v e r a l  gauges of py ro lys i s  behavior. 
A s  examples, i t  is important t o  ga in  understanding of t he  e f f e c t s  of t h e  c a t i o n s  on 
t o t a l  weight l o s s ,  t a r  evolu t ion ,  product gas  composition, decarboxyla t ion  and 
k i n e t i c s .  Several  i nves t iga t ions  have been made i n t o  t h i s  genera l  a rea .  Tyler  and 
Schafer ( l o ) ,  Frankl in  e t  a l .  ( l l ) ,  and Otake (12)  s tud ied  t h e  e f f e c t s  of 
exchangeable ca t ions  on t o t a l  weight l o s s  and t a r  y i e l d  over a wide range of 
r eac t ion  conditions.  They found, i n  gene ra l ,  t h a t  replacement of the  metal  c a t i o n s  
by pro tons  leads  t o  an inc rease  i n  weight l o s s .  
s tud ied  the  decarboxylation of low-rank coa l s  i n  fixed-bed r eac to r s  a t  slow hea t ing  
ra tes .  They found t h a t  removing the  metal  ca t ions  does r e s u l t  i n  an inc rease  i n  the  
amount of decarboxylation a t  any given temperature. 

Murray (14) and Schafer (15,16) 

I n  recent s t u d i e s  i n  these  l a b o r a t o r i e s  (17,18,19),  Morgan found profound 
e f f e c t s  of t he  metal  ca t ions  on rapid py ro lys i s  of a Montana l i g n i t e  i n  an en t r a ined  
flow apparatus.  
func t ion  of the  presence of metal  exchangeable c a t l o n s  f o r  a res idence  time of about 
250 m s  (Table 1). 

Tota l  weight l o s s ,  a t  1173 K i n  N / H e ,  was found t o  be a 

TABLE 1 

EFFECT OF CATIONS ON MAXIMUM WEIGHT LOSS I N  ENTRAINED 
FLOW REACTOR, 1173 K ,  DICF* BASIS (17.18) 

I 

Sample m o l e s  ca t ion /g  DICF Coal 

Raw 
Ca A 
Ca B 
C s  c 
Ca D 
Acid Washed 

* DICF: Dry Inorganic Cons t i tuent  Free 

0.94 
1.11 
0.84 
0.75 
0.49 -- 

w t  Loss 

31 
30 
29 
35 
39 
49 

A s  can be seen from Table 1 ,  a s  t h e  loading  of calcium inc reases  the re  is a drop  i n  
the t o t a l  yield.  The most s i g n i f i c a n t  reduct ions  t akes  p lace  a f t e r  t h e  i n i t i a l  
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loadings. 
constant.  
caused a reduct ion  i n  t h e  amount of t a r s  evolved when compared t o  the  acid-washed 
sample. FTIR s p e c t r a  of the  tars evolved i n  these  cases  ind ica t ed  t h a t  t a r s  from 
the  raw coa l  con ta in  t h r e e  times t h e  amount of a l i p h a t i c  hydrogen a s  do t h e  t a r s  
from t h e  acid-washed sample. F ina l ly ,  i t  was found t h a t  the presence of  the metal 
ca t ions  re ta rded  the  decomposition of t h e  carboxyl ic  a c i d  groups. I n  t h i s  study. 
t he  carboxyl ic  ac id  concen t r a t ions  were determined d i r e c t l y  on the  pyrolyzed l i g n i t e  
samples. 

Af t e r  a c e r t a i n  l e v e l  of calcium c a t i o n s  the  e f f e c t s  become e s s e n t i a l l y  
Morgan's s t u d i e s  a l s o  suggested t h a t  presence of exchangeable ca t ions  

GASIFICATION REACTIVITY 

It has  been wel l  recognized t h a t  t h e  measured g a s i f i c a t i o n  r e a c t i v i t i e s  of coa l  
cha r s ,  prepared under s i m i l a r  condi t ions ,  a r e  a func t ion  of t he  rank of the  parent 
coa l  (20.21). The cha r s  of h ighes t  r e a c t i v i t i e s  a r e  those  derived from l ign i t e s .  
Corre la t ion  have been made between the r e a c t i v i t i e s  and the  amount of exchangeable 
calcium ca t ions  i n  the  c o a l s  or calcium in t he  cha r s  (20.21,22). However, i t  was 
not  u n t i l  t he  work of Radovic e t  a l .  (23,24,25,26,27) t h a t  i t  was shown, i n  the  case  
of calcium loaded onto a North Dakota L ign i t e ,  t he  c a t a l y t i c  spec ies  was calcium 
oxide. 
func t ion  of the  s e v e r i t y  of py ro lys i s  cond i t ions  was due t o  c a t a l y s t  c r y s t a l l i t e  
growth ( s i n t e r i n g ) .  As pyro lys i s  s e v e r i t y  increased  then the  measured r e a c t i v i t i e s  
were reduced. A c o r r e l a t i o n  was drawn between the  observed g a s i f i c a t i o n  
r e a c t i v i t i e s  and the  d i s p e r s i o n  ( a s  measured by c r y s t a l l i t e  s i z e )  of t h e  
c a t a l y t i c a l l y  a c t i v e  calcium oxide. Thus. the  g a s i f i c a t i o n  r e a c t i v i t y  of l i g n i t e  
cha r s  was shown t o  be dominated by the concent ra t ion  of t h e i r  inherent  c a t a l y s t  
s i t e s .  

have been made on chars  and not  t he  corresponding raw or pre t r ea t ed  l i g n i t e s .  It  is 
becoming ev ident  t h a t  t h e  exchangeable ca t ions  can have s i g n i f i c a n t  e f f e c t s  on 
combustion and g a s i f i c a t i o n  of t he  coa l s  themselves. 
and Jenkins (19)  and Morgan and Scaroni (28) have ind ica t ed  r e l a t i o n s h i p s  between 
the  presence/absence of exchangeable metal c a t i o n  and the  r a t e s  of 
gas i f ica t ion /combust ion  of  l i g n i t e s .  
e f f e c t s  of t h e  c a t i o n s  on rap id  py ro lys i s  r a t e s  can u l t ima te ly  r e s u l t  i n  
enhancements i n  ox ida t ion  r e a c t i v i t y .  

I n  add i t ion ,  i t  was e s t ab l i shed  t h a t  t h e  observa t ion  t h a t  r e a c t i v i t y  was a 

I t  is important t o  recognize t h a t  the  aforementioned r e a c t i v i t y  measurements 

Some da ta  reported by Morgan 

It is apparent from t h e i r  da t a  t h a t  t he  

SUMMARY 

As research  proceeds i n  the  a r e a  of low rank coa l  u t i l i z a t i o n ,  i t  is becoming 
obvious t h a t  t he  inhe ren t  inorganic  c o n s t i t u e n t s  of t hese  coa l s  have profound 
inf luences  on t h e i r  behavior. The reason f o r  t h i s  i n f luence  is r e l a t ed  t o  the f ac t  
t h a t  a s i g n i f i c a n t  propor t ion  of t h e  inorganic  components a re  i n  the form of 
a tomica l ly  d ispersed  exchangeable metal ca t ions .  It is evident t h a t  va r i a t ions  i n  
the  metal ca t ion  conten t  can b r ing  about s i g n i f i c a n t  d i f f e rences  i n  t he  performance 
and behavior of these  coa ls .  
looking i n  more depth  a t  the  "benefication" of low rank coa ls  by e f f e c t i n g  
a l t e r a t i o n s  i n  t h e  chemical d i s t r i b u t i o n s  of t h e  c a t i o n s  a s soc ia t ed  wi th  t h e i r  
carboxyl ic  ac id  f u n c t i o n a l i t i e s .  

With t h a t  i n  mind, i t  may w e l l  be tha t  we should be 
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Figure I .  Firs t  Order P l o t  f o r  Calcium 
Carbonate Formation at 400°C Under 

Pseudo-Liquefaction Conditions 
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